We report on the behavior of Ge-Ge, Ge-Sn, Sn-Sn like and disorder-activated vibrational modes in GeSn semiconductors investigated using Raman scattering spectroscopy. By using an excitation wavelength close to E1 gap, all modes are clearly resolved and their evolution as a function of strain and Sn content is established. In order to decouple the individual contribution of content and strain, the analysis was conducted on series of pseudomorphic and relaxed epitaxial layers with a Sn content in the 5-17at.% range. All vibrational modes display qualitatively the same behavior as a function of content and strain, viz. a linear downshift as the Sn content increases or the compressive strain relaxes. Simultaneously, Ge-Sn and Ge-Ge peaks broaden, and the latter becomes increasingly asymmetric. This asymmetry, coupled with the peak position, is exploited to implement an empirical approach to accurately quantify the Sn composition and lattice strain from Raman spectra.
we address this very issue by investigating the individual effects of strain and composition on the behavior of Ge-Ge, Ge-Sn, DA and Sn-Sn like vibrational modes in GeSn alloys using both pseudomorphic and relaxed layers with Sn content in the 5-17at.% range. This ability to distinguish the individual contribution of each parameter allows us to develop an approach to independently evaluate strain and composition of GeSn layers from Raman measurements by exploiting the properties of vibrational modes and lattice disorder.
The investigated GeSn samples were grown on 0.6-1.1μm-thick Ge virtual substrates (VS) on 4-inch Si (100) wafers in a low-pressure chemical vapor deposition (CVD) reactor, with ultrapure H2 as carrier gas and 10% monogermane (GeH4) and tin-tetrachloride (SnCl4) precursors. 43, 44 The Sn content ( ), the residual in-plane strain ( ), and the degree of strain relaxation ( ) for all layers, listed in Table I , were estimated from high-resolution X-Ray Diffraction (XRD) Reciprocal Space Mapping (RSM) measurements, applying a bowing parameter of 0.041Å. 44, 45 Micro-Raman scattering spectroscopy was performed using an InVia Raman Microscope from Renishaw with a 633nm laser and an 1800/mm grating. In other studies, the use of shorter wavelength laser was sometimes justified by the need for a shallower penetration depth to avoid the background signal from underlying Ge or GeSn buffer layers. 39 This is not a concern here even when a 633nm excitation laser is used. Indeed, the comparison of the penetration depths and thicknesses estimated from ellipsometry and transmission electron microscopy (TEM) confirmed that the investigated layers are sufficiently thick to supress the contribution from the underlying layers to the measured signal. While Voigt or Lorentzian 18 functions are commonly used to fit Raman peaks, they cannot reproduce the asymmetric behavior that is typical to Raman modes of semiconductor alloys. 46, 47 This asymmetry is due to alloying as the substitution of Sn atoms in the lattice breaks the translational symmetry and leads to a relaxation of the 0 momentum selection rule. 48 To better reproduce the line shape of the LO modes, we employed exponentially modified gaussian (EMG) functions. 17, 49 Note that the extracted peak positions correspond to the wavenumbers of maximal intensity.
Two sets of pseudomorphic and relaxed GeSn layers were investigated in this study, in addition to layers with intermediate strain relaxation. For the pseudomorphic GeSn series, a 4.0at.% bottom layer (BL) was first grown at 350°C, then the temperature was decreased to grow the top layer (TL) at a higher Sn content in the 9-13at.% range (samples A-D). The other parameters were kept constant during growth. For the relaxed series, 500-700nm-thick GeSn layers were grown at a fixed temperature in the 330-300°C range, leading to a composition in the 7-13at.% range (samples E-H). In the TEM image for a 13at.% Sn layer (Fig. 1c) dislocations are mainly observed within the first 200-300 nm of the GeSn layer. 44 The associated RSM map shows strong broadening along qX resulting from plastic relaxation (Fig. 1d) , 44 with an estimated exceeding 75% in all samples (Fig. 1e) . The reduced compositional grading at thicknesses above 300 nm leads to a uniform strain and composition profile within the depth probed in Raman measurements (~30nm). The Sn content for the pseudomorphic and relaxed sets are plotted in Fig. 1f as a function of the growth temperature.
An increase in Sn content of 1.3±0.3at.% for every 10°C decrease in growth temperature is observed for the pseudomorphic samples, while a higher rate of -(2.1±0.2at.%)/10°C is estimated for the relaxed layers, resulting from enhanced strain minimization during growth. 44, 51 In addition to pseudomorphic and relaxed sets of samples described above, Raman analysis was also extended to six other samples of various values of strain and composition (Table I) . Raman spectra of the pseudomorphic and relaxed GeSn samples with variable Sn compositions are displayed in Fig. 3 . Interestingly, as Sn content increases, the peak positions in the pseudomorphic layers remain almost unaffected by the change in the Sn content (Fig. 3a) , whereas a progressive shift to lower wavenumbers is observed for both modes in the relaxed layers (Fig. 3b) . Due to the relatively larger atomic mass of Sn, when a significant amount of Sn atoms is incorporated into Ge lattice, a downshift of Ge-Ge and Ge-Sn modes is expected. This behavior is visible in the relaxed layers, while in the pseudomorphic layers this anticipated downshift is counterbalanced by the upshift associated with the increased compressive strain due to the higher Sn content in the lattice.
Examples of three-dimensional plots of the Raman shifts (black spheres) for Ge-Ge and Ge-Sn modes as a function of Sn content and strain are shown in Fig. 4a -b. The measured data points belong to the same planes, which can be described by two-dimensional linear regressions ,
where is a characteristic wavenumber, and and are the fitting parameters. The resulting fits, superimposed on the scatter plots, and the projections on the 2D space in Fig. 4c-d confirm that the linear regressions accurately represent the behavior of the four peaks in all studied samples.
The fitting coefficients are listed in Table II and the errors are calculated considering 95% confidence intervals. The coefficients of determination being larger than 0.94 and the relatively small errors on both and slopes indicate that the planar fits describe adequately the mode distribution. Furthermore, the calculated , is equal to the value obtained for bulk Ge and the and slopes are comparable to those found in earlier studies of Ge-Ge mode. 18, 47 As for the GeSn mode, and values are slightly higher than those of Ge-Ge mode. However, the slopes of all four peaks are remarkably close and sometimes overlap when considering the uncertainties.
The analysis above demonstrates that the peak positions of the Ge-Ge, Ge-Sn, DA and SnSn like modes evolve qualitatively similarly. The behavior of the integrated intensity, width, and asymmetry of each one of these vibrational modes was also evaluated. We found that an increase in Sn content is associated with an increase in the relative integrated intensity of Ge-Sn and DA modes. The latter also increases as the layers become more compressively strained. Furthermore, we also noticed that the full width at the half maximum (FWHM) of both Ge-Ge and Ge-Sn peaks increase with higher Sn content and higher relaxation, as expected from the increase in lattice disorder. As for the asymmetry parameter of the Ge-Ge peak, included in Table II, it increases with Sn content with a relatively strong correlation ( 0.9533 . The strain, however, has no measurable impact on . This explains why the DA peak is less prominent for samples with high Sn contents. The increase of the Ge-Ge peak asymmetry, together with a shift of the peak position to lower wavenumbers, results in a larger superimposition of the two contributions. Nevertheless, this superimposition remains partial and it is still possible to discriminate them, as confirmed by the high obtained in the two-dimensional linear regressions.
Any pair of equations describing peak positions as a function of and would technically be sufficient to estimate the composition and strain of a GeSn layer based on its Raman spectrum.
However, since the positions of all modes evolve remarkably similarly, this becomes challenging based solely on peak positions. In fact, due to the comparable and slopes, the strain and composition estimation obtained when solving equations (1) for a pair of peaks will be highly dependent on small changes in the input parameters . However, as previously stated, the composition and strain do not only affect the peak positions, but also the peak areas, widths, and asymmetry. For instance, the two-dimensional linear regression of for the Ge-Ge peak results in and coefficients that are very different from those obtained for the peak positions (Table II) .
Therefore, the composition and strain of GeSn alloys can be extracted directly by solving a set of two equations describing the behavior of the peak position and asymmetry of the main Ge-Ge
, ,
This approach allowed to retrieve values which are close to those measured by XRD, as shown in Table I . This is a clear demonstration that combining peak position and asymmetry is sufficient for an accurate analysis of strain and composition in GeSn semiconductors using Raman 
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